Background: Residential green space may improve birth outcomes, with prior studies reporting higher birthweight among infants of women living in greener areas. However, results from studies evaluating associations between green space and preterm birth have been mixed. Further, the potential influence of residential proximity to water, or 'blue space', on health has not previously been evaluated. Objectives: To evaluate associations between green and blue space and birth outcomes in a coastal area of the northeastern United States. Methods: Using residential surrounding greenness (measured by Normalized Difference Vegetation Index [NDVI]) and proximity to recreational facilities, coastline, and freshwater as measures of green and blue space, we examined associations with preterm birth (PTB), term birthweight, and term small for gestational age (SGA) among 61,640 births in Rhode Island. We evaluated incremental adjustment for socioeconomic and environmental metrics. Results: In models adjusted for individual -and neighborhood-level markers of socioeconomic status (SES), an interquartile range (IQR) increase in NDVI was associated with a 12% higher (95% CI: 4, 20%) odds of PTB and, conversely, living within 500 m of a recreational facility was associated with a 7% lower (95% CI: 1, 13%) odds of PTB. These associations were eliminated after further adjustment for town of residence. NDVI was associated with higher birthweight (7.4 g, 95% CI: 0.4-14.4 g) and lower odds of SGA (OR = 0.92, 95% CI: 0.87-0.98) when adjusted for individual-level markers of SES, but not when further adjusted for neighborhood SES or town. Living within 500 m of a freshwater body was associated with a higher birthweight of 10.1 g (95% CI: 2.0, 18.2) in fully adjusted models. Conclusions: Findings from this study do not support the hypothesis that residential green space is associated with reduced risk of preterm birth or higher birthweight after adjustment for individual and contextual socioeconomic factors, but variation in results with incremental adjustment raises questions about the optimal degree of control for confounding by markers of SES. We found that living near a freshwater body was associated with higher birthweight. This result is novel and bears further investigation in other settings and populations.
. The putative health benefits of living in areas with more green space may be mediated by increased physical activity, reduced stress and improved psychosocial wellbeing, reduced noise and air pollution, and/or decreased ambient air temperature during periods of hot weather (Bowler et al., 2010; Dadvand et al., 2012a Dadvand et al., , 2014 Kihal-Talantikite et al., 2013; Laurent et al., 2013; Lee and Maheswaran, 2011) .
Some studies suggest that residential green space may also be associated with better health during pregnancy and lower risk of adverse birth outcomes. Specifically, higher levels of green space surrounding the maternal residence, frequently evaluated by the Normalized Difference Vegetation Index (NDVI, a satellite-based measure of the distribution of live green vegetation), have been consistently associated with indicators of improved fetal growth (Agay-Shay et al., 2014; Dadvand et al., 2012a Dadvand et al., , 2012b Dadvand et al., , 2014 Donovan et al., 2011; Dzhambov et al., 2014; Ebisu et al., 2016; Hystad et al., 2014; Laurent et al., 2013; Markevych et al., 2014) , although associations with gestational length remain unclear (Agay-Shay et al., 2014; Casey et al., 2016; Cusack et al., 2017; Dadvand et al., 2012a Dadvand et al., , 2012b Grazuleviciene et al., 2015; Hystad et al., 2014; Laurent et al., 2013) . More limited work has assessed the influence of residential proximity to parks and other recreational natural environments on birth outcomes, with mixed findings for both mean birthweight and risk of preterm birth (Agay-Shay et al., 2014; Dadvand et al., 2012a; Grazuleviciene et al., 2015) .
The varying influence of indicators of socioeconomic status (SES) on these associations may help to explain disparate results across studies. Socioeconomic characteristics at the individual and aggregate level are typically associated with features of the residential environment (KihalTalantikite et al., 2013) and highly predictive of birth outcomes (Andersen and Mortensen, 2006; Racape et al., 2016; Weck et al., 2008) . SES therefore likely has a considerable confounding influence on associations between residential green space, length of gestation, and fetal growth. However, it is important to balance the need to remove sources of confounding bias against the potential for overadjustment for highly correlated socioeconomic and environmental variables or variables on the pathway in question, for example if greener neighborhoods generate higher property values and drive measures of neighborhood SES (NSES) such as median household income higher (Chee et al., 2015; Cole et al., 2017) . The optimal degree of adjustment to fully control confounding by individual-and neighborhood-level socioeconomic factors without attenuating estimation of the causal effect of interest has not been systematically parsed in the literature.
Further, associations between green space and birth outcomes may differ across subgroups defined by demographic characteristics such as education, race, and neighborhood-level SES. For example, socioeconomically advantaged individuals often have greater mobility and capacity to access green spaces away from their homes, while those of lower SES may be more dependent on the built environment proximal to their residence (Maas, 2008; Maas et al., 2009; Schwanen et al., 2002) . Additionally, people of low SES may be simultaneously more likely to live in neighborhoods with worse environmental problems and have poorer health status than those of higher SES (Galea and Vlahov, 2005) . It is therefore plausible -as suggested by prior research examining heterogeneity of associations by education, occupation, ethnicity, and neighborhood-level SES -that individuals of lower SES may derive more advantage from immediate surrounding green space (AgayShay et al., 2014; Dadvand et al., 2012a Dadvand et al., , 2012b Dadvand et al., , 2014 Dzhambov et al., 2014; Maas et al., 2009) . Additional characteristics that may modify associations between green space and birth outcomes, such as degree of urbanicity of the maternal residence and season of birth, have not been adequately explored in the literature (Casey et al., 2016; Ebisu et al., 2016) .
Varying results across study settings suggest that associations between the residential environment and birth outcomes may be highly specific to the particular geographic context, and additional studies of green space and birth outcomes in diverse populations and locations that facilitate inclusion of a range of environmental metrics are needed to improve our understanding of the potential influence of green areas on human health. Additionally, we are not aware of existing studies evaluating the potential influence of proximity to fresh or saltwater bodies, or 'blue space', on pregnancy outcomes. It has been suggested that blue space has restorative potential for emotional and physical well-being Kistemann, 2011, 2013; White et al., 2010) , and there is some empirical evidence linking residential exposure to visible blue space to lower psychological distress (Nutsford et al., 2016) , but this has not been examined in detail.
Accordingly, among 61,640 births delivered at a single hospital in Rhode Island, a region with a small coastal city with suburban and semi-rural surroundings, we evaluated the hypotheses that higher levels of residential green and blue space are associated with increased fetal growth as measured by higher birthweight and decreased risk of small for gestational age (SGA), and lower risk of preterm birth. The study location allowed us to assess green space as well as proximity to bodies of coastal and inland water, expanding what is currently known about the residential environment and pregnancy outcomes by considering multiple measures of green and blue space in a coastal geography.
Methods

Study population
Women & Infants Hospital of Rhode Island, located in the capital city of Providence, Rhode Island, is the tenth largest stand-alone obstetrical service in the U.S. with roughly 9000 deliveries per year. Approximately 75% of births to mothers residing in Rhode Island occur at Women & Infants Hospital, making this study nearly populationbased. Hospital discharge records from live births at Women & Infants Hospital from 2001 to 2012 were obtained from the National Perinatal Information Center (NPIC) and merged with electronic birth certificate data from the Rhode Island Department of Health (RIDOH). Electronic data were available on residential address at the time of delivery, maternal demographic indicators, infant characteristics, maternal medical history, and International Classification of Diseases, Ninth Revision (ICD-9) diagnosis and procedure codes for the mother and newborn during and after delivery. A total of 95,948 discharge records from Women & Infants Hospital were available, and of these 79,154 (82.5%) were successfully merged with state birth certificate data. Geocoded U.S. Census data from 2010 were linked to 76,590 (96.8%) of these merged records. Closer examination revealed that few discharge records were matched to birth certificate data in 2001 (prior to implementation of a modern birth records system) or between July 2004 and December 2005 (as RIDOH transitioned to a newer birth records system). Thus, we restricted our analyses to 74,165 deliveries occurring during time periods with high match rates (> 88.6%, January 2002 -June 2004 and January 2006 -December 2012 and successfully matched to birth certificate data. We did not formally explore differences between matched and unmatched births because of the very limited data on those that did not match.
The study sample was further restricted to exclude women < 18 years of age at delivery or missing data on maternal age, those with multiple births (i.e. twins, triplets) or missing data on plurality, women with residential address outside of Rhode Island or missing address data, invalid gestational ages (< 22 or > 44 weeks), and birthweights below 500 or above 5000 g (g) or missing birthweight, resulting in a final sample size of 61,640 mother-infant pairs.
The study protocol was approved by the Institutional Review Boards of Brown University, Women & Infants Hospital of Rhode Island, and the Rhode Island Department of Health. the state birth certificate. Addresses were geocoded using ArcGIS for Desktop (version 10.3/10.4, ESRI, Redlands, CA) and residential surrounding green space was assessed using average Normalized Difference Vegetation Index (NDVI) values within circular buffers around the geocoded address. NDVI is designed to evaluate the global distribution of vegetation, as well as its biophysical and structural properties and spatial/temporal variations (Townsend and Justice, 1995) . The index is based on the reflection of visible and near-infrared light by vegetation as captured by remote sensing instruments, in this case Landsat satellite in units of 30 m × 30 m (m) pixels, and is calculated by the difference between near-infrared and visible radiation divided by the sum of near-infrared and visible radiation. Calculating the NDVI within a subset of a matrix of pixels (a scene), in this case a series of circular buffer areas around a residence, can be used to evaluate the amount of live vegetation, a quantitative measure of greenness, within that subset. Values of NDVI range from −1 to 1, with higher values indicating greater amounts of live vegetation (Rhew et al., 2011) .
NDVI was assessed from a single Landsat 7 Scene acquired on July 31, 2002 (Scene LE70120312002212EDC00) at 30 m × 30 m spatial resolution. The particular Landsat scene was chosen as it had the least amount of cloud cover at the time of year when vegetation (greenness) would be at a maximum. The scene was downloaded from http://glovis. usgs.gov/. Image bands were calibrated to reflectance and then processed to NDVI using ENVI version 5 software (Exelis Visual Information Solutions, Boulder, CO). Pixels representing fresh and coastal waters were excluded, in order to avoid influencing the mean NDVI within circular buffers around a residence. The mean NDVI for each address was calculated within 150, 250 and 500 m of the geocoded address point using ArcGIS and customized Python scripts. Buffer radii were selected to capture greenness within the accessible neighborhood surrounding maternal residences and for consistency with prior literature (Casey et al., 2016; Dadvand et al., 2012b Dadvand et al., , 2014 . NDVI values across the three buffer sizes were highly correlated (Spearman's correlation coefficients > 0.9; See Supplementary material, Table S2 ), and results are presented for the 500 m buffer; results for additional buffer sizes can be found in the Supplementary material (See Tables S5-S8) .
We additionally assessed maternal residential proximity to recreational natural environments. This proximity measure was calculated by creating a spatial matrix of distances (a raster surface) from the edge of recreation areas in the state. Using spatial overlay, each individual residence was assigned its corresponding Euclidian distance measure. In order to maintain consistency with the Landsat scene used for computing NDVI, the distance raster was generated using a spatial resolution of 30 m. Recreational areas were defined according to Statewide Comprehensive Outdoor Recreation Plan (SCORP) facilities and include athletic fields, conservation areas, fishing and boating areas, local parks/playgrounds, management areas, schools, and state parks. Nine hundred sixty-eight recreational facilities were identified within the state. Proximity was defined as within 500 m of any recreational facility based on expectations regarding the size of the surrounding neighborhood accessible to pregnant women (Dadvand et al., 2012a ) and considered as a dichotomous variable.
The same distance raster methodology was applied to measure distance to freshwater bodies greater than or equal to 5 acres in size and coastline. Freshwater bodies were identified from the Lakes and Ponds spatial data file from the Rhode Island Geographic Information System (RIGIS) and coastline from the RIGIS Municipalities spatial data file (RIGIS, 2017). The ArcGIS Euclidean Distance Tool and Extract MultiValues to Points Tool were used to create distance raster files and associate the distance from each of the three distance rasters to the individual residence. Proximity to water was defined as residence within 500 m of an inland freshwater body and within 1000 m of the coast. The minimum residential distance to coast observed in the data set was 300 m, and the 1000 m threshold for distance to coast was selected to include more than the waterfront residences that would likely be captured by a 500 m cut-point. An additional dichotomous variable using a 500 m threshold was created to test a more restrictive benchmark.
For each environmental metric, we additionally considered quartiles of exposure (values of NDVI and residential distance in meters to recreational facilities, coast, and freshwater bodies) to model the change in risk with increasing levels of exposure in exposure-response sensitivity analyses.
Outcome assessment
Gestational age, measured in completed weeks and based on best clinical estimates that incorporate ultrasound examination, was extracted from NPIC data when available and birth certificate otherwise (n = 6931 (11.2%)). No participants were missing data on gestational age from both NPIC and birth certificates. Preterm birth was defined as birth before 37 completed weeks of gestation. Birthweight in grams was extracted from birth certificate data and considered as a continuous variable. SGA was defined as birthweight below the 10th percentile for gestational age and sex based on 1999 and 2000 U.S. births (Oken et al., 2003) .
Covariates
Covariates assessed include maternal age, race (black, white, other), parity (0, 1, ≥ 2), number of prenatal visits (continuous), maternal education (some high school, high school graduate, some college, college graduate, any graduate school), marital status (married, single, other), insurance coverage (public, private, other), tobacco use during pregnancy (yes, no), gestational age at birth (continuous measure in completed weeks), NSES, town of residence, and distance to major roadways. Maternal age, education, prenatal visits, and tobacco use were extracted from birth certificate data and data on self-reported race, marital status, and insurance coverage came from the NPIC database. Tobacco use was missing for 13.7%, race was missing for 8.5%, and all other variables were missing for < 5% of values (See Supplementary material, Table S1 ). NSES was assessed by 6 census tract-level variables from the 2010 U.S. Census (Diez Roux et al., 2001 ): median household income; percent of households with interests, dividends, or rent income; percent of residents with high school diploma; percent with college degree; percent with professional occupation; and median value of owner-occupied housing units. We calculated a z-score for each of these variables and summed the scores to create a z-sum, which we used to control for potential confounding by NSES. We additionally created a variable for town of residence to reduce residual confounding by unmeasured residential factors such as access to medical care and walkability. We used 47 individual Rhode Island towns in categorization and also collapsed the towns into eight clusters defined a priori based on proximity and similarity to examine sensitivity to categorization of town in sensitivity analyses. The proportion of births by town remained fairly stable over the study period and annual number of births ranged from a minimum of roughly 10 in New Shoreham to a maximum of roughly 3000 in Providence.
Distance to major roadways was considered as an additional environmental metric that may confound associations of interest given its correlation with the exposures of interest (Supplementary material, Table S3 ) and prior evidence of an association with birth outcomes (Kingsley et al., 2016) . Major roadways were defined as those with US Census feature class codes A1 (primary highway with limited access), A2 (primary road without limited access), or A3 (secondary and connecting roads). A1 and A2 roadways include interstate highways and US highways, which typically contain a mix of car and truck traffic moving at higher speeds, while A3 roadways include state highways and other major arteries and typically have fewer vehicles moving at slower average speeds. Therefore, to combine exposures from different road types using a single metric as in previous studies (Gan et al., 2010 (Gan et al., , 2014 Hart et al., 2013; Kingsley et al., 2016) , we considered participants living ≤ 150 m from an A1 or A2 roadway or ≤ 50 m from an A3 roadway as exposed and unexposed otherwise.
Statistical analyses
All analyses were conducted in R (R Version 3.2.1). Missing covariate data were imputed for the final sample after imposing study restrictions using Multivariate Imputation by Chained Equations (MICE Version 2.25) (Van Buuren and Groothuis-Oudshoorn, 2011), assuming data missing at random conditional on the variables included in the imputation model, to create ten imputed data sets. Continuous variables were imputed using Bayesian linear regression, binary variables were imputed using logistic regression, and factors were imputed using a multinomial logit model.
In a first analysis, we tested the hypothesis that neighborhood green space was associated with lower risk of preterm birth among all births. We used logistic regression to quantify the association between a one interquartile-range (IQR) increase in NDVI and odds of preterm birth. We similarly examined residential proximity to natural environments and the potential association between blue space and preterm birth, using logistic regression to quantify the association between living within 500 m of a recreational facility, 1000 m of the coast, and 500 m of a freshwater body and the odds of preterm birth. In sensitivity analyses we evaluated associations using a 500 m cut-point for coastal proximity.
In a second set of analyses, we used the same approach to evaluate associations between the same exposure variables and fetal growth among term births, applying linear regression to model the difference in birthweight and logistic regression to model the log odds of being born SGA.
We carried out the following incremental adjustment for all analyses to describe the confounding effects of individual and contextual socioeconomic characteristics: 1) adjusting first for mother's age, number of prenatal visits, mother's education, race, health insurance, marital status, parity, and tobacco use; 2) next, adding adjustment for neighborhood socioeconomic status through NSES z-score; and, 3) additionally adjusting for town of residence with a robust standard error to account for correlation of standard errors within a town. Gestational age at birth (in weeks) as a continuous variable was also included in birthweight models. Fully-adjusted models for both blue and green space included all aforementioned covariates and mutual adjustment for environmental metrics (NDVI and proximity to recreational facilities, coastline, freshwater, and roadways). Adjusting for NSES and town of residence had a material effect on some of the results, and there is uncertainty as to the optimal amount of adjustment to minimize confounding bias without attenuating a causal effect of the spatial attributes of interest. Accordingly, we present findings from models with each level of incremental adjustment.
As a sensitivity analysis, we modeled quartiles of each exposure to evaluate the shape of the exposure-response curve in preterm birth and birthweight models and estimate the p-value for linear trend.
We performed stratified analyses to assess whether the associations between green and blue space metrics and birth outcomes differed by levels of neighborhood socioeconomic status, race, maternal education, residential urbanicity (measured by population density), and season of birth. To evaluate differences across subgroups defined by neighborhood SES, race, education, urbanicity, and season of birth, we stratified separate models by: tertile of NSES z-score; white or other race; urban or rural residence; and birth in winter . Census-tract level data on population density was used to measure urbanicity. Areas were defined as urban if the population density was greater than or equal to 1000 persons per square mile, and rural otherwise. Stratified models were adjusted for individual-level covariates as listed in Table 4 ; additionally adjusting Glazer et al. Environmental Research 163 (2018) 97-107 for neighborhood-level SES did not notably change patterns of heterogeneity and as such NSES adjustment was not included in stratified models. To evaluate differences by strata in all models, a relaxed criterion of p < 0.10 was used to identify presence of statistically significant heterogeneity of associations (Rothman et al., 2008) .
Results
The study population of 61,640 births reflects the population of Rhode Island, with 65% of mothers self-identifying as white, 8% as black, and 27% as American Indian, Filipino, Hispanic, other Asian, or not specified (Table 1 ). The mean (standard deviation) age of mothers was 29 (5.9) years. More than half of women had completed at least some college education, were married, and were covered by private insurance. The average gestational age at birth was 39 weeks, and 8.1% (n = 5007) of infants were born preterm. The mean (SD) birthweight was 3341 (563) grams among all births, and 3426 (459) grams among term births.
NDVI varied across the state, with lower values in highly urban areas and higher values in more rural areas (Fig. 1) . The average NDVI in a 500 m buffer was 0.44. NDVI values across different buffer sizes were very highly correlated with each other, highly correlated with indicators of neighborhood socioeconomic status, moderately correlated with distance to the coast, and weakly correlated with distance to freshwater (Supplementary material, Tables S2 and S3). The majority (65%) of women lived within 500 m of a recreational facility, 30% lived within 500 m of freshwater, and 20% lived within 1000 m of the coast (Table 1) .
We first evaluated associations between green and blue space and risk of preterm birth. In models adjusted for patient characteristics and individual-level markers of SES (mother's age, number of prenatal visits, tobacco use, parity, education, race, health insurance, and marital status), an interquartile range (IQR) increase in NDVI was unexpectedly associated with a 9% (95% CI 3%, 16%) higher odds of preterm birth (Table 2) . Upon further adjustment for neighborhood SES, an IQR increase in NDVI was associated with a 12% (95% CI 4%, 20%) higher odds of preterm birth. However, this association was eliminated after additional adjustment for town of residence. Living close to recreational facilities was associated with a 7% (95% CI 1%, 13%) lower risk of preterm birth in models adjusted for individual and neighborhood-level markers of SES, but results were attenuated toward the null and no longer statistically significant when further adjusted for town of residence and when fully adjusted for all environmental metrics. Neither residential distance to freshwater nor coast were associated with risk of preterm birth.
We next evaluated associations between residential green and blue space and term birthweight. In unadjusted models, we found that NDVI and proximity to the coast were associated with higher birthweight while living close to recreational facilities was unexpectedly associated with lower birthweight (Table 3) . The association between NDVI and birthweight was substantially attenuated by individual-level adjustment and eliminated with further adjusted for NSES. The associations with proximity to recreational facilities or the coast were eliminated after adjustment for patient demographics and markers of individuallevel socioeconomic status. Living within 500 m of freshwater was associated with a higher birthweight of 10.1 g (95% CI: 2.0, 18.2) robust to degree of adjustment. Results for NDVI, recreational facilities, and coastal proximity were qualitatively similar when assessing risk of SGA rather than birthweight. However, we did not find evidence of an association between proximity to freshwater and risk of SGA in any model.
We examined exposure-response relationships and confirmed an association between increasing quartiles of NDVI and higher risk of preterm birth as well as evidence of lower term birthweight with greater distance to freshwater, with statistically significant linear trends in both relationships (Supplementary material Table S4 ). Results were not materially different in sensitivity analyses considering residential NDVI within 150 and 250 m buffers instead of 500 m (Supplementary  material, Tables S5-S8) , and did not change when using a clustered rather than single town-level variable for town of residence.
We assessed whether associations between residential green and blue space and birth outcomes adjusted for patient characteristics and individual markers of SES varied by categories of neighborhood SES, race, education, population density, and season of birth (Table 4) . We found some evidence of heterogeneity in green space associations with preterm birth for maternal education and population density, with the strongest associations between NDVI and higher risk of preterm birth observed among mothers with less than a college education and those living in urban areas. Importantly, there was no subgroup among which NDVI was associated with lower risk of preterm birth. The association between NDVI and birthweight appeared to vary across strata of neighborhood SES and maternal race, with statistically significant increases in mean birthweight of roughly 12-13 g per IQR increase in NDVI observed among mothers in the upper tertile of neighborhood SES and white women, and nonsignificant negative associations observed among mothers in the lower tertile of neighborhood SES and non-white women. We similarly found a 12% decrease (95% CI 6%, 18%) in the odds of SGA per IQR increase in NDVI among white women, but did not find significant associations across other demographic characteristics. Results for recreational facilities were largely null (Supplementary material, Table S9 ).
We found lower odds of preterm birth associated with residential proximity to freshwater among those in the highest NSES tertile, and borderline significant evidence for heterogeneity of associations suggesting stronger gains in birthweight associated with proximity to a freshwater body among white women and women living in the wealthiest neighborhoods (Table 4) . Stratified results for proximity to coast did not indicate patterns different from the main effects analyses (Supplementary material, Table S10 ).
Discussion
This study is among the first to report on the impact of residential proximity to both green and blue spaces on pregnancy outcomes in a coastal location. We found that in unadjusted models NDVI was associated with a slightly lower risk of preterm birth, higher birthweight, and lower risk of SGA. However, after adjustment for patient demographics and markers of individual SES, higher NDVI was associated with higher risk of preterm birth and a small, but still statistically significant, increase birthweight and decrease in risk of SGA. Further adjustment for neighborhood SES or town of residence tended to eliminate these associations. We also found that living close to freshwater was associated with higher birthweight, and that this association was robust to adjustment for potential confounding by individual and neighborhood characteristics. Residential proximity to freshwater was not associated with risk of preterm birth or SGA, and proximity to coast was not associated with any outcome.
Overall, our findings do not support the hypothesized protective association between green space as assessed by NDVI and preterm birth. Prior studies evaluating the association between NDVI and risk of preterm birth or length of gestation have been equivocal, with some (Casey et al., 2016; Hystad et al., 2014) but not all (Agay-Shay et al., 2014; Dadvand et al., 2012a Dadvand et al., , 2012b Grazuleviciene et al., 2015) studies reporting a reduced risk. A study in Lithuania found lower risk of preterm birth associated with residential proximity to urban parks (Grazuleviciene et al., 2015) . Similarly, we found a protective association between proximity to recreational facilities and preterm birth after adjustment for multiple indicators of individual and neighborhood SES, but not when additionally accounting for town of residence.
f Residence near roadway defined as within 150 m of an A1 or A2 roadway or within 50 m of an A3 roadway. Glazer et al. Environmental Research 163 (2018) 97-107 Stratification according to categories of neighborhood SES, education, race, population density, and season of birth did not provide any evidence to support the hypothesis that higher NDVI is associated with decreased risk of preterm birth. This is counter to evidence of green space benefits strongest among more disadvantaged social groups (Banay et al., 2017) . Our finding of a harmful association between NDVI and risk of preterm birth with adjustment for individual-and neighborhood-level characteristics is counterintuitive and not readily explained by subgroup patterns. This finding could be attributable to factors associated with rural versus urban lifestyles, such as distance from medical facilities or community centers with health promotion programs in rural areas or higher levels of exposure to other environmental risk factors such as pesticides or ozone in greener, rural locations. However, stratified results for risk of preterm birth were strongest in urban areas, which oppose such explanations.
Our modestly protective results for NDVI and markers of fetal growth, robust to adjustment for individual but not neighborhood socioeconomic characteristics, were weaker than expected based on prior studies. Green space has been previously associated with higher mean birthweight and lower risk of low birthweight and SGA in European Table 2 Association between markers of green and blue space and relative odds of preterm birth (95% confidence intervals) among 61,640 births in Rhode Island. ** Significant at p < 0.01. * Significantp < 0.05. Table 3 Association between markers of green and blue space and birthweight in grams (95% confidence intervals) and between green and blue space and relative odds of small for gestational age (95% CI) among 56,633 term births in Rhode Island. plus (except when variable is the exposure of interest) NDVI (500 m buffer), residential proximity within 500 m of a recreational facility, residential proximity within 1000 m of the coast, residential proximity within 500 m of a freshwater body, and residential proximity to roadways (within 150 m of an A2 roadway or within 50 m of an A1 roadway). * Significant at p < 0.05. ** Significant at p < 0.01. *** Significant at p < 0.001. Glazer et al. Environmental Research 163 (2018) 97-107 2014; Dzhambov et al., 2014; Hystad et al., 2014; Markevych et al., 2014) . For example, studies in the UK and Spain found that in fully adjusted models an IQR increase in residential greenness was associated with a statistically significant higher birthweight of approximately 15-30 g (Dadvand et al., 2012b (Dadvand et al., , 2014 . However, findings in the United States have largely been more modest and closer to our results, reporting increased term birthweight of 2-6 g (Cusack et al., 2017; Ebisu et al., 2016; Laurent et al., 2013) and an 8% decreased risk of low birthweight (Ebisu et al., 2016) per IQR increase in NDVI. We chose to model term SGA as opposed to low birthweight since the latter measure conflates suboptimal fetal growth with preterm deliveries that had normal growth trajectories (Savitz et al., 2002) . Existing studies of the amount of residential surrounding green space and SGA have reported a mix of null (Cusack et al., 2017) and protective findings (Casey et al., 2016; Donovan et al., 2011) . Two European studies that evaluated proximity to green areas in addition to NDVI reported no association between proximity and birthweight (Dadvand et al., 2012a; Grazuleviciene et al., 2015) , while one found an 18 g increase in mean birthweight associated with residence within 300 m of a major green space (Agay-Shay et al., 2014) . However, these studies measured proximity to city parks or green areas larger than 5000 m 2 , which differs from our definition of recreational facilities, making direct comparison of our results challenging.
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Stratification by NSES and race suggest that associations between green space and fetal growth may be strongest among white women and women in the wealthiest neighborhoods. Benefits specific to wealthier individuals have not been reported in prior literature, though in the UK Dadvand et al. (2014) did similarly find significant associations between NDVI and birthweight only for white British and not Pakistani participants (Dadvand et al., 2014) . Conversely, several studies suggest that the beneficial effects of greenspace on fetal growth may be strongest among births to women of lower socioeconomic status (Cusack et al., 2017; Dadvand et al., 2012a Dadvand et al., , 2014 , lower education levels (Cusack et al., 2017; Dadvand et al., 2012b; Dzhambov et al., 2014; Markevych et al., 2014) and in urban settings (Casey et al., 2016) . Overall, our findings for fetal growth do not confirm these patterns, and inconsistencies suggest that the relationship between socioeconomic indicators, residential green space, and birth outcomes varies considerably by context and may not be generalizable across different locations.
Our results demonstrate substantial confounding by SES markers, taking individual characteristics and SES, neighborhood SES, and specific town of residence into consideration. Socioeconomic status is a well-established predictor of birth outcomes (Andersen and Mortensen, 2006; Racape et al., 2016; Weck et al., 2008) . Markers of neighborhood SES were strongly correlated with green space in this study, and prior research has shown that affluent individuals are more likely to live in neighborhoods with more grass, trees, and other vegetation (KihalTalantikite et al., 2013) . The significance, and in some cases the magnitude, of our findings varied with incremental adjustment for measures of socioeconomic status. This variation raises uncertainty regarding the ideal degree of adjustment to balance the likely strong confounding by lifestyle and contextual factors against the potential for overadjustment for strongly correlated socioeconomic and environmental variables or variables possibly on the causal pathway between exposures and outcomes of interest such as neighborhood-level income, occupation, and education measures that may be dictated by environmental characteristics (Chee et al., 2015; Cole et al., 2017) . We posit that fully adjusted, attenuated associations in our study represent the most complete control of residual confounding by environmental and lifestyle factors related to the latent construct of SES, but acknowledge the possibility that adjustment for these attributes risks overadjustment. Additional adjustment for town of residence was intended to capture health-relevant attributes that were not otherwise known from the available data, but this adjustment may also limit exposure variation and account for the observed attenuation in associations.
Other studies of green space and birth outcomes similarly reported that associations were weakened after adjustment for multiple measures of socioeconomic status. Dadvand et al. (2014) found comparable patterns in the Born in Bradford pregnancy cohort in the UK, with estimates of approximately 78-97 g higher birthweight per IQR increase in green space reduced to 13-16 g after adjustment for indicators of individual and neighborhood SES (Dadvand et al., 2014) , broadly similar to the strong impact of adjustment on associations with preterm birth, SGA, and term birthweight in US studies (Casey et al., 2016; Cusack et al., 2017; Ebisu et al., 2016; Laurent et al., 2013) . Taken together, these findings highlight the need for further research designed to elucidate causal pathways and evaluate the appropriate level of confounding control to address the substantial influence of SES on neighborhood environmental characteristics and birth outcomes without removing any true effect of the exposure of interest.
We hypothesized a protective association between blue space and birth outcomes but did not find convincing evidence of an association between living in close proximity to the coast or to freshwater and altered risk of preterm birth. However, living near freshwater was associated with a slightly higher birthweight, particularly among individuals living in higher SES neighborhoods and white women. These novel results may reflect increased propensity to use rivers and other freshwater areas for physical activity or stress relief by more affluent individuals, but this hypothesis could not be assessed in these analyses. This is, to our knowledge, the first study to evaluate the possible effects of blue space on pregnancy outcomes, and so we are unable to compare our findings to existing literature. Given nascent evidence of psychosocial benefits (Nutsford et al., 2016; Völker and Kistemann, 2013; White et al., 2010) as well as the potential for heat reduction, decreased traffic, air, and noise pollution, and increased physical activity in residential areas close to bodies of water, additional studies of blue space and pregnancy outcomes are warranted.
Our study was limited by the use of maternal address at the time of delivery derived from birth certificates, precluding consideration of residential mobility during pregnancy. We anticipate that any resulting exposure misclassification would be nondifferential with respect to birth outcomes and would generally bias associations toward the null. Time spent at work and outside the home is also not accounted for in our analyses, but our exposure assessment strategy was designed to investigate the health benefits of markers of the residential built environment and not of green or blue space outside of women's neighborhoods or actual use of green and blue space. Further, births between July 2004 and December 2005 were excluded due to low birth certificate and hospital discharge record match rates. However, we do not have reason to believe that births during these years were systematically different from the study population with respect to exposures or outcomes of interest and do not expect this to be an important source of selection bias.
While the satellite NDVI measures offer objective, standardized classifications of green space that can be compared across studies, we were unable to differentiate between types of vegetation and assess whether impacts of green space depend on the predominant type of surrounding vegetation (e.g. tree cover, grassy areas, etc.). Further, we used a single Landsat scene for NDVI calculation, which does not take into account changes in green space across the study period or fluctuations by season or across trimester of pregnancy and is a limitation of our exposure assessment. While patterns may differ across study contexts, prior research on green space and birth outcomes found similar spatial patterns of NDVI across seasons (Dadvand et al., 2012b (Dadvand et al., , 2014 Hystad et al., 2014) and high correlation between trimesterspecific and pregnancy-average NDVI levels (Cusack et al., 2017) . We acknowledge that the potential temporal mismatch between assessment of exposure, outcomes, and neighborhood-level covariates given the data sources employed is a possible source of misclassification, but expect minimal change in the rank order of values of these variables over the study period.
Proximity to recreational areas and blue space was based on straight-line distance and did not take into account proximity via roadways or walking paths, or other forms of network connectivity, and may not fully capture the accessibility of these features. We chose to use dichotomous indicators as our primary measure of proximity as opposed to continuous distance since our aim was to identify whether green and blue spaces within typically-reasonable walking distance of the residential neighborhood were meaningful for birth outcomes. We selected distance cut-points based on expectations regarding the average walking patterns and speeds of pregnant women informed by prior research by Dadvand et al. (2012a) , but note that our use of 500 m. in Euclidian distance differs from the 500 m network buffer used in their research (Dadvand et al., 2012a) . Studies of associations between proximity to green areas and birth outcomes, to our knowledge, have not previously used distance measures other than network buffers, which are needed to explore whether alternate measures of proximity are meaningful for health in pregnancy.
Rhode Island is a coastal state in leafy New England with relatively small urban and largely suburban and semi-rural areas. As such, deprivation from green space is likely relatively less common in this setting versus in larger cities, in other regions of the US, or the typically high population density cities of Europe, making green space particularly difficult to generalize across settings since its impact may truly differ with varied demographic distributions and levels of surrounding greenness. We were unable to adjust our analyses for several behavioral and environmental confounders such as maternal body mass index and neighborhood safety, and were only able to adjust for a rudimentary measure of maternal tobacco use, and it is possible that these factors influenced our results. As previously discussed, however, we adjusted for a number of individual and contextual covariates to address to the fullest extent possible residual confounding. Finally, we were unable to assess actual use of green or blue space by study participants, and further research into whether effects differ by factors such as neighborhood walkability, amount of time spent outdoors, and type of use would be important in disaggregating meaningful pathways such as altered levels of physical activity or stress reduction through which green and blue space may affect health.
Conclusions
The findings from this study do not support the hypothesis that amount of surrounding residential green space is associated with reduced risk of preterm birth. The very small association between NDVI and preterm birth observed in unadjusted analyses disappears completely, and sometimes reverses to harmful associations, upon adjustment for potential confounders. We found evidence of a small protective association between residential proximity to recreational facilities and preterm birth, and between NDVI and fetal growth, but results were sensitive to adjustment for contextual covariates. These findings raise questions about the optimal degree of adjustment for confounding by socioeconomic factors that should be explored in other studies of the residential environment and birth outcomes. Our results similarly fail to support the presence of an association between living very near the coast and beneficial birth outcomes. We did find that living near a freshwater body was associated with higher birthweight even after adjusting for potential confounders. This result is novel and bears further investigation in other settings and populations. 
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